We synthesize and study the properties of praseodymium doped fluoroindate glasses. Glass compositions with praseodymium molar concentrations up to 5 % were obtained with good optical quality. Thermal, optical, and luminescence properties are investigated. Judd-Ofelt analysis is used to determine radiative lifetime and emission cross-section of the orange transition originating from the 3 P 0 level. We find that these glasses are good candidates for the realization of blue diode laser pumped orange lasers for quantum information processing applications.
and InF 3 -based glasses [13, 14] . Therefore, our aim here is to report the results of an investigation of the optical and fluorescence properties of Pr 3+ -doped InF 3 -ZnF 2 -BaF 2 -SrF 2 glasses. In particular, we put special emphasis on the question to know whether such glasses are good candidates for the realization of orange lasers using the same transition as recently demonstrated lasers based on Pr 3+ doped fluoride crystals [15, 16] . Among other applications, such lasers could be used for the coherent driving of rare-earth ions used for quantum information processing [17, 18] .
Experimental

Glass synthesis
The glass samples were synthesized using the conventional melt-casting method. The starting powdered materials were indium fluoride InF 3 , zinc fluoride ZnF 2 (3N), strontium fluoride SrF 2 (3N), barium fluoride BaF 2 (3N), and praseodymium fluoride PrF 3 . In a first step, the powders were weighed in order to obtain a 6 g glass bulk whose molar composition is (100 − x)[40InF 3 -20ZnF 2 -20SrF 2 -20BaF 2 ] : xPrF 3 (x = 0.05, 0.1, 0.2, 0.5, 1.0, and 5.0). The powders were then thoroughly mixed and loaded in a platinum crucible. An excess of ammonium bifluoride, NH 4 HF 2 , was added in all compositions to reduce the amount of species produced from oxidation reaction with environmental water adsorbed in precursor powders. The mixture was heated at 350
• C during 1 h for fluorination reaction and then melted at 920
• C for 30 minutes in an electrical furnace. This ensured the complete elimination of NH 3 and HF from the decomposition of ammonium bifluoride and a good homogenization and fining. Finally, the melt was cooled down in a stainless mold pre-heated at 20
• C below the glass transition temperature, annealed at this temperature for 2 h and slowly cooled down to room temperature to minimize residual internal stress. In the following, for the sake of readability, the host glass is labeled IZSB and the samples studied in this work are presented in Table 1 . The Pr 3+ -doped IZSB glass samples of 30 × 20 × 2 mm 3 dimensions (length, width and thickness, respectively) of very good optical quality were finally polished for optical measurements. Glasses 
Thermal properties
The glass transition temperature, T g , and the thermal stability parameter against devitrification (
where T x is the crystallization temperature, are commonly used to estimate the thermal stability of the glasses [19] . We measured them using differential scanning calorimetry in the 200 to 600
• C temperature range under N 2 atmosphere at a heating rate of 10 • C/min, using a TA Instruments DSC 2910 calorimeter, with a maximum error of ±2 • C for T g
and T x . The corresponding results are summarized in Table 2 .
Optical and luminescence measurements
The absorption spectra measurements were performed on the polished IZSB:Pr glasses of about 2 mm thickness by using a Cary 500 spectrophotometer (Varian) at room-temperature from 200 to 3000 nm. Emission spectra were recorded by using a Horiba Jobin Yvon fluorimeter equipped with a photomultiplier tube (PMT) sensitive from 250 to 800 nm and a Xe lamp (450 W) operating at 480 nm with continuous excitation was utilized as the excitation source.
The emission was measured at 30
• from the excitation beam. Slits were adjusted to lead to a resolution of 2 and 4 nm for excitation and emission, respectively. All measurements have been performed at room temperature and corrected by the instrument response.
The refractive indices of some of the glasses were determined by measuring the critical angle for the sample/prism interface (accuracy 0.0001), using three laser beam wavelengths, 542, 633, and 1550 nm (Metricon-2010 instrument).
Lifetime measurements of 3 P 0 praseodymium excited level were carried out using a pulsed EKSPLA optical parametric oscillator (model # NT342B) to excite the glasses. Excitation was carried out at 480 nm along the 3 H 4 → 3 P 0 .
Fluorescence from the 3 P 0 level to the 3 H 6 ground state was detected at 604 nm with a Jobin-Yvon HR250 monochromator and a Princeton Instrument intensified CCD or a photomultiplier tube.
Results and discussion
Homogenous and slightly greenish glasses samples up to 2 mm thick were obtained in the pseudo-quaternary were observed in the glass bulk, which is very important when the objective is to use these glasses in optical devices that cannot bear large scattering losses. The typical amorphous halo was observed by X-ray diffraction for all compositions. Table 2 displays the characteristic temperatures, the thermal stability parameter (∆T = T x − T g ) and the refractive indices in the visible range (532.4 and 632.8 nm) measured for some of the compositions.
When the doping concentration of Pr 3+ ions varies, the glass transition temperature and thermal stability parameter remain unchanged. The value of the thermal stability parameter against devitrification is comparable with the ones of the most common ZBLAN glasses [20] , making the InF 3 -based glasses good potential candidates for optical fiber production.
Contrary to the behavior of the characteristic temperatures, a slight increase of the value of the linear refractive index n 0 with the praseodymium ion concentration was observed. This index ranged from 1.4951 to 1.4976 at 532.4 nm, and 1.4923 to 1.4946 at 632.8 nm, for Pr 3+ ion concentration ranging from 0 to 0.5% (see Table 2 ). The increase of n 0 can be easily understood by the high polarizability of Pr 3+ ions owing to their extended electron cloud, which is a favorable point for the use of these doped glasses as the core composition in optical fiber production. This is why, in order to accurately measure fluorescence spectra, the excitation beam has been focused close to the surface of the glass samples in order to avoid re-absorption of the emitted photons by the ground state Pr 3+ ions. In these excitation conditions, the fluorescence emission from the 1 D 2 level was only observed under resonant pumping [21] . The corresponding fluorescence spectra under blue excitation at 480 nm are reproduced in Fig. 2 [25, 12] .
Absorption and Fluorescence Spectra
3 P 0 Lifetime Measurements
An important parameter for potential laser operation of our IZSB glasses is the lifetime of the upper level of the transition, i. e., of the 3 P 0 level. We measured the evolution of the lifetime of this level by recording the fluorescence decay along the 3 P 0 → 3 H 6 transition for pulsed excitation at 480 nm. The results are summarized in Fig. 4 . One can see that concentration quenching effect remain relatively modest for concentrations up to 1 mol.%.
Judd-Ofelt modeling
In order to gain more insight in the spectroscopic properties of Pr 3+ embedded in IZSB glasses, we performed Judd-Ofelt modeling of the absorption spectrum of sample IZSB5 reproduced in Fig. 5 . Experimental oscillator strengths f exp were deduced from the absorption spectrum of the IZSB5 sample to get reliable values on weak transitions like 3 H 4 → 1 G 4 . The values are gathered in Table 3 . Judd-Ofelt (JO) parameters [26, 27 ] Ω 2 , Ω 4 and Ω 6 were determined from them using a normalized method [28, 29] , which allows fitting of relative values instead of absolute ones. As a result, including in the fit the 3 H 4 → 3 P 2 transition, which has a large oscillator strength, does not dramatically perturb the JO parameters (significant changes, negative values for Ω 2 ), which is often the case using the standard method [30, 31] . The parameters are given in Table 3 and are similar to those found in other fluorozirconate glasses [28] . Thanks to the normalized method, Ω 2 is positive, as required by theory. It should be however noted that the agreement between calculated and experimental oscillator strengths is limited and deviations as large as 50 % are observed (Table 3) . Assuming an error of ± 5% on f exp , we found RMS norm = 20.3 whereas it was 16 or 18 in other fluorozirconate glasses [28] , denoting a less accurate modeling in our case. The 38 µs radiative transition. The red line is just a guide to the eye. should be performed to confirm this conclusion. The calculated oscillator strength of the 3 P 0 → 3 H 6 transition is 8.7 × 10 −6 , a rather high value compared to the absorption transition ones. This should be favorable to orange laser emission.
Conclusion
In conclusion, we have synthesized praseodymium doped fluoroindate glasses with good optical quality. Strong orange emission centered at 604 nm with a full width at half maximum of 15 nm has been observed. Moreover, the characteristics of the measured absorption spectra show that diode pumping at wavelengths close to 445 nm is conceivable. At praseodymium concentrations lower than 0.5 %, the 3 P 0 level was found to exhibit a lifetime longer than 40 µs, which is compatible with efficient laser emission.
Further studies could also consist in elaborating such glasses under the form of preforms for optical fibers, or in trying surface ion exchange processes to locally increase the refractive index in order to build active waveguides [32] .
